Summary Responses both to hyperosmotic stress and to heat shock were compared in 3T3 cells, spontaneously transformed cells (ST3T3) and simian virus 40-transformed cells (SV3T3). Cell adaptation to these stresses was measured in terms of surviving cell viability and plating efficiency, while their induced synthesis of stress proteins was monitored in terms of the presence of mRNA for HSP70, the pattern of polypeptides synthesised and the accumulation of HSP70 detectable by monoclonal antibodies. All three types of cells responded similarly to heat shock in their expression of HSP70 and showed no clear differences in ability to recover. In contrast, both ST3T3 and SV3T3 cells adapted more poorly and much more slowly to hyperosmotic stress (0.5 osM incubation) than did normal 3T3 cells. This different pattern of adaptation to hyperosmotic stress was parallelled by the cells' different expression of a stress protein that could not be distinguished from the heat-induced HSP70 by any of the methods listed above. In view of these findings it seems possible that hyperosmotic treatment might be useful in selectively affecting the survival of tumour cells.
Previous studies of cell metabolism and proliferation showed that transformed 3T3 cells adapted much more slowly than did 3T3 cells to hyperosmotic stress (Silvotti et al., 1991) . Several cell functions, such as amino acid transport activity, rate of protein synthesis and growth rate, returned to near normal values within 6 to 16 h in 3T3 cells but remained unadapted in transformed cells after 24 h. In parallel with these observations it was also shown that incubation in hypertonic medium for 6 h induced the synthesis of a 69 kDa protein in 3T3 cells, but not in transformed cells (Silvotti et al., 1991) . The obvious possibilities that this new stress protein could be a member of the family of 70 kDa heat shock proteins (HSP70) and might be involved in the adaptive response to hyperosmotic stress have therefore been investigated.
Responses both to hyperosmotic stress and to heat shock have been compared in 3T3 cells, spontaneously transformed 3T3 cells (ST3T3) and simian virus 40-transformed 3T3 cells (SV3T3). The induced synthesis of stress proteins by the cells under these conditions has been monitored in terms of the presence of mRNA for HSP70, the pattern of polypeptides synthesised, and the accumulation of HSP70 detectable by monoclonal antibodies. (Borghetti et al., 1980) . These cells were routinely kept in culture for up to 2 months and discarded; then fresh cultures were started again from frozen stocks. Spontaneously transformed 3T3 (ST3T3) cells were isolated in our laboratory on the basis of their loss of density control, serum dependence, ability to grow in soft agar medium, morphological modification and increased production of lactic acid.
The cells were maintained in Dulbecco's modified Eagle medium (D-MEM) containing penicillin (100 units ml-') and streptomycin (100 fig ml-' Cell counting and determination of cell survival Cells were detached from the substratum by trypsinisation and appropriate dilutions of the suspension were counted in a Burker haemocytometer, as described in detail elsewhere (Piedimonte et al., 1982) . Cell survival was determined by cell viability and plating efficiency. After hyperosmotic treatment or heat shock, the cells were removed from the plates by trypsinisation, counted, and their viability determined by trypan blue exclusion (Hunt, 1987) . The plating efficiency of viable cells was then determined by seeding them at an appropriate density in dishes containing S ml of culture medium. After 3 days of incubation the cells were detached from plates and counted.
Protein labelling for polyacrylamide gel electrophoresis analysis (ID-Page) To label cell cultures for polyacrylamide gel electrophoresis (PAGE), methionine-free medium was supplemented with 1I 1M unlabelled methionine and with 1O00LCi mj1 [35S] methionine (1115 Ci mmol-'). At the end of the labelling period unlabelled methionine was added to reach a 1 mM final concentration. After 5 min of further incubation (chase period) the medium was discarded, the cell layer gently washed with 3 x 2 ml of cold phosphate buffer solution and then solubilised in buffer containing 10 mM NaCl, 3 mM MgCl2, 10 mM Tris-HCI (pH 7.4), 0.1% sodium dodecyl sulphate (SDS), 0.1% Triton-X-100, 10lg ml-' 4-amidophenylmethanesulphonylfluoride, 0.5 fg ml' leupeptin, 0.7 pg ml-' pepstatin and 0.5 mM EDTA. After sonication, samples corresponding to 3 x 105 c.p.m. were lyophilised and resuspended in sample buffer containing 62.5 mM Tris-HCl (pH 7.4), 2% SDS, 5% 2-mercaptoethanol, 0.002% bromophenol blue, and 20% glycerol. The samples were heated to 100°C for 2-3 min and then analysed by ID-PAGE on slab gels using a standard apparatus (Bio-Rad). Equal amounts of radioactivity were loaded on the gel. Proteins were separated on 5-15% (w/v) linear gradient polyacrylamide gels (crosslinker = 1/38) in a discontinuous buffer system as described by Laemmli (1970) , with a constant current of 35 mA for approximately 5 h. The gels were then fixed, dried, exposed to Kodak X-omat X-ray film for a week and developed.
Two-dimensional protein analysis (2D-PAGE)
When proteins were electrophoretically separated on twodimensional gels the standard procedure first described by O'Farrel (1975) was followed with slight modifications. Aliquots of sonicated cell extracts (see previous paragraph) were lyophilised and resuspended in a solution containing 9.5 M urea, 5% 2-mercaptoethanol, 2% Nonidet P-40, 1.5% SDS, and 2% ampholites. Proteins, loaded on 1.5 mm-diameter gel rods, were focused in the first dimension with the use of 2% ampholites (Bio-Lyte ampholine 1.8% pH 5-7, 0.2% pH 3-10) for 14-lSh at 400v, followed by 2h at 800v, constant voltage. Approximately 1.5 x 106 c.p.m. were loaded on each gel rod. Proteins were separated in the second dimension on 10% polyacrylamide gels in the presence of SDS. Two-dimensional analysis was performed in the Bio-Rad Protean II apparatus. Following electrophoresis, gels were dried and the autoradiograms were obtained as previously described for 1D-PAGE, after 3-weeks exposure.
Peptide mapping
One dimensional peptide mapping after limited proteolysis was performed as described by Cleveland et al. (1977) with minor modifications. The labelled protein samples were first separated on 5-15% linear gradient gels as described above. The gels were stained for 30 min in a solution containing 0.1% Coomassie blue, 50% methanol, and 10% acetic acid, and destained for less than an hour in a solution of 5% methanol and 10% acetic acid. The 70kDa protein bands induced by heat shock or hyperosmotic treatment were individually cut out and equilibrated in digestion buffer containing 0.1% SDS, 0.125 M Tris-HCl (pH 6.8), 1 mM EDTA, and 0.0001% bromophenol blue. The gel slices were then applied to the sample wells of a second 5-15% SDS-gel, together with 200ng of Staphylococcus aureus V8 protease (Sigma). Electrophoresis was carried out at 6mA for 16h. The gels were prepared for autoradiography as described above.
Western blotting Protein content was determined by a dye-fixation method (BioRad) with bovine serum albumin as standard (Bradford, 1976) . Immunoblotting analysis was performed essentially as described by Burnette (1981) . Briefly, cell proteins separated by SDS-PAGE were electrophoretically transferred (30 V, overnight at 4'C) from the slab gel to a nitrocellulose sheet in a Trans Blot Cell (BIO-RAD) filled with cold blot buffer (25 mM Tris, 192 mM glycine, pH 8.3, 20% methanol). Nonspecific protein binding was blocked by incubating sheets for an hour at room temperature (about 25°C) in blocking solution (20 mM Tris-HCI, 500 mM NaCl, pH 7.5, 3% gelatin). the saturated transfer membrane was washed twice (5 min per wash) with Tris Buffered Saline (TBS: 20 mM Tris-HCI, 500 mM NaCl, pH 7.5) containing 0.05% tween-20. The blot was then incubated for 4 h at room temperature with a 1:5000 dilution of the antibody in Antibody Buffer (AB: 20 mM Tris-HCI, 500 mM NaCl, pH 7.5, 0.05% tween-20, 1% gelatin). Blots were washed twice with TTBS (TBS containing 0.05% tween-20), incubated for 1 h at room temperature with a 1:3000 dilution in AB of goat anti-mouse Ig-G conjugated to alkaline phosphatase, then washed twice with TTBS and phoresis and transferred to nylon filters. The quality and quantity of RNA blotted on membranes was checked by UV absorption. Plasmid pH 2.3 containing the human HSP 70 gene (Hunt & Morimoto, 1985) Comparison of stress proteins induced by heat shock or hyperosmotic treatment Figure 1 shows an analysis by 2-dimensional gel electrophoresis of both the protein induced in 3T3 cells during hypertonic incubation and the HSP70 produced by these cells during their recovery from heat shock. Clearly both proteins migrated to the same position. Similarly, the patterns of peptides produced by partial proteolysis of the two stress proteins were indistinguishable (Figure 2) . Finally, Figure 3 shows that the stress protein generated by exposure of the cells to hyperosmotic stress was recognised by a monoclonal antibody specifically directed against an inducible human HSP70. Taken together these findings indicate that hyperosmotic stress induces 3T3 cells to synthesise a protein that is highly homologous, if not identical, with a HSP70.
Variation in the rate of accumulation of HSP70 Two classes of monoclonal antibodies, one directed against the inducible form of HSP70 and another that recognises both the inducible and constitutive isoforms, were used to monitor the accumulation of these stress proteins during cell recovery from heat shock and cell adaptation to hyperosmotic incubation. The results (Figure 4 ) revealed a significant difference between the normal and transformed cells. In 3T3 cells heat shock and hypertonic treatment both induced an accumulation of HSP70 that was detectable after 6 h, reached a maximum around 16 h (particularly evident after heat shock) and persisted for at least 24 h. In transformed cells, however, there was a marked difference between the responses to heat shock and hyperosmotic stress. After heat shock the time course of accumulation of the inducible HSP70 in transformed cells parallelled that described above for 3T3 cells, whereas during hypertonic incubation the induced HSP70 was detectable only after 16 h. Thus the relative inability of the transformed cells to adapt to hyperosmotic stress after 6 h of treatment (Table I) was paralleled by their much slower accumulation of induced HSP70.
Kinetics of incubation ofpulse-labelled polypeptides
In view of the results described above, the kinetics of induction of HSP70 were examined. Figure 5 shows the patterns of polypeptides synthesised during cell adaptation to hypertonic incubation and during cell recovery following heat shock. After exposure of 3T3 cells to a shock for 30 min, synthesis of the inducible HSP70 was apparent after 4 h of recovery, but disappeared at later times. During hypertonic incubation of 3T3 cells synthesis of the inducible HSP70 was detectable after 8 h, reached a maximum around 12 h and became negligible at later times. (It should be noted that an increased Hours synthesis of the constitutive HSP70 also occurred after 8 and 12 h of hyperosmotic incubation).
In both spontaneously and virally transformed 3T3 cells exposed to heat shock the kinetics of induction of the HSP70 during the recovery phase were similar to those observed in normal 3T3 cells. In contrast, during hyperosmotic incubation of the transformed cells the synthesis of the inducible isoform of HSP70 was evident only after much longer treatment (16 to 24 h, see Figure 5b ). Again, some increased synthesis of the constitutive isoform was also apparent, but with kinetics similar to those observed in normal 3T3 cells.
HSP70 gene transcription
Northern blotting analysis was used to gain some insight into the transcriptional control of HSP70 mRNA in normal and transformed cells during responses to heat shock and hyperosmotic stress. As is evident from Figure 6 , the human genomic probe used recognises two transcripts in these cells, one of about 2.7 kb and another of about 2.4 kb. These should correspond to the inducible and constitutive HSP70 transcript, respectively (cf. Colotta et al., 1990) , the two having over 70% homology (Schlesinger et al., 1982) .
After 3 h of recovery from heat shock the 2.7 kb transcript was markedly induced in all three cell types. There was also some increase in the amount of the constitutive 2.4 kb transcript under these conditions. In contrast, the pattern of response to hyperosmotic incubation was different in each type of cell. In 3T3 cells the 2.7 kb transcript was strongly induced after only 3 h of treatment and remained high after 7 h. In ST3T3 cells some increase in this transcript was apparent after 3 h and more after 7 h; but it had largely disappeared by 16 h. In SV3T3 cells induction occurred even later, with only a trace after 3 h but with gradually increasing induction up to at least 16 h. In all 3 types of cell hyperosmotic stress also caused some increase in the amount of the 2.4 kb transcript after 3 h and 7 h. After 16 h of treatment, however, there appeared to be less of this constitutive transcript in both types of transformed cells than in the controls.
Discussion
The results presented above show clearly that, contrary to earlier indications, the 69 kDa protein previously identified in 3T3 cells as an inducible 'osmotic stress protein' (Silvotti et al., 1991) is in fact either highly homologous or identical to the inducible isoform of HSP70. The preliminary analysis by Western blotting (Silvotti et al., 1991) was done after 4 h exposure to hyperosmotic conditions, a period based on ready detection of HSP70 during recovery from heat shock. It is now apparent that at least 6 h of hyperosmotic treat- ment are required before enough of the protein has accumulated in 3T3 cells for detection by this method (Figure 4 Since the present findings indicate that heat shock and hyperosmotic treatment do induce the synthesis of the same HSP70 in these cells, it seems reasonable to assume that adaptation to either form of stress in both normal and transformed cells has common steps once the HSP70 genes are activated. If this is the case, there must be distinct pathways of HSP70 gene activation for the two types of stress. As far as hyperosmotic stress is concerned, it may be relevant that there were temporal differences between normal and transformed cells in the changes of concentrations of monovalent cations and some compatible osmolytes (Yancey et al., 1982) during hyperosmotic incubation (Silvotti et al., 1991) . Hence it is possible that intracellular ion content, or compatible osmolyte concentration, may somehow control HSP70 gene activation. It is also worth noting that a decade ago Groudine and Weintraub (1982) reported that hyperosmotic NaCl shock of cultured cells induced DNAase Ihypersensitive sites, a trait shared by several genes undergoing transcription.
The question of whether or not HSP70 proteins actually mediate adaptation to hyperosmotic stress remains to be answered. The parallelism between HSP70 production and adaptation observed here is quite striking, but a causal relationship obviously does not necessarily follow. The parallel situation with regard to heat shock has remained unclear for years (cf. Burdon, 1986) . For example, the recent findings of Bader et al. (1992) , working with NIH 3T3 cells, appear to show conclusively that blocking the heat-induced expression of HSPs does not prevent either the development of thermal tolerance or the protection of protein synthesis after heating. On the other hand, Li et al., (1992) have provided equally convincing evidence with gene transfer experiments that rat fibroblasts expressing a cloned human gene encoding an intact HSP70 become resistant to heat.
Regardless of the actual mechanism involved, however, the results presented above show that transformed 3T3 cells adapt poorly and much more slowly to hyperosmotic stress than do normal 3T3 cells. Hence the possibility of using hyperosmotic treatment, in place of or in addition to hyperthermia, might be considered as a means of selectively affecting the survival of tumour cells.
